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,mED  SPECTRUM  RND  THE  STRUOTUF.E  OF  THE  I,OW  TEI'iPEPu'.TUFJE  PHF.SES  OF  CETSTALLINE 

HGl,  HBr  AHD  HI 
P.  F,  Homig  "ind  'J.  E»  Osborg 
ABSTRACT 


''T"  infrared  spectra  of  crystc-lline  HCl,  lIBr  and  HI  have  been  studied  at 

~205°C,  The  fundamental  vibration  was  observed  in  KCL  at  2?0U  and  27h6  cm”^,  in 
HBr  at  2U0L  and  2U38  cm~^,  and  in  HI  at  2120  cm-l«  In  addition,  low  frequency 
bands  associated  with  torsional  lattice  vibrations  were  observed  directly  and  in 
combination  with  the  fundamental  vibration  of  the  molecules.  It  is  concluded  that 
in  the  loT7  temperature  crystalline  phase  both  KCl  and  HBr  form  zig-za.g  hydrogen 
bonded  chains,  the  angl>-  betv/een  adjacent  m<^leculcs  being  about  10?*^  in  HCl  and  97° 


in  HBr,  The  crystalline  potential  function  is  investigated  for  all  three  m-'lecules 


CHS  IHTR’.RED  SPECTRlRvi  ..HD  TIK  STRUCTURE  OF  T] 


LO’.T  TEIJPEPu'.TURE  PR’.SES  OF  CRYST'.LLINE 


HCl,  !IBr  -FID  HI 
D.  F.  Hoi-nig  'ind  ’.T.  E.  Osberg 


INTnODUOTION 


Although  the  oositioii  of  the  halogen  .utoas  in  the  lov/ost  temperature  phase  of 
the  hydrogen  halides  has  been  laeasured  by  X-ray  methods,  and  the  determir^ation  is 
probably  fairly  reliable  in  the  case  of  hydrogen  chloride,  the  oosition  of  the  hy- 
drogen atoms,  upon  v/hich  many  of  the  physical  properties  of  these  crystals  depend, 
is  unknown.  Until  more  is  known  of  the  structure  of  the  lowest  temperature  phase 
there  is  little  hope  of  understanding  the  structural  principles  on  which  these 
sin^Dlo  crystals  are  constructed  or  the  nature  of  the  solid  state  phase  transitions 
'Which  occur  in  HCl,  HBr  and  HI# 

These  transitions  are  probably  connected  v/ith  the  reorientation  and  disordering 
of  the  molecules^ but  although  the^.  have  been  studied  by  themodynanic,  optical, 
spectroscopic.  X-ray  ■'■jad  dielectric  techniques,  the  nature  of  the  structural  changes 
is  not  understood,  M^ich  of  th  a infonaation  (prior  to  1938)  concerning  these  tran- 
sitions is  summarized  in  a review  by  Eucken,^ 

1,  A,  Eucken,  Z.  Elektrochom,  126  (1939) 


vious  infrared  studies 


2,3 


Hcr.vever,  it  is  clear  from  the  pre- 


2*  G.  .Hcttner,  Z,  Physik.  JB,  llil  (1932):  ibid.  89.  23U  (193U);  jum,  Physik  (9), 
32,  Uxl  (1933) 

3.  Lee,  Sutherland  & Wu,  Nature,  669  (1938)5  Proc.  .Roy,  Soc,  (London),  Al?6, 
1:93  (19UO) 
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-T.nd  the  more  recent  nuclo,?,r  n'lsnotic  reson?jice  experi- 


h,  N,  L.  Alpert,  Ph^^s.  Rev.  JS,  390  (19U9) 

thit  there  is  no  free  or  nearly  free  molecular  rotation  in  any  of  the  phases. 
Most  recent  theoretical  discussions  of  the  structures  and  the  phase  transitions 
arc  based  on  models  consisting  of  dipole  arrays.  Since  the  intormolecular  distance 
is  not  much  greater  than  the  interatomic  distance  in  a single  molecule,  there  is  a 
real  question  as  to  whether  such  models  arc  applicable.  In  any  ca.se,  Luttinger  and 
Tisza^ 

5.  J,  M,  Luttinger  and  L,  Tisza,  Phys.  Rev,  70,  95U  (19U6) 

have  predicted  on  the  basis  of  such  a model  that  the  lowest  temperature 
ordered  phase  consists  of  antiparallel  strings  of  dipoles,  and  th?s  can  be  checked 
from  the  infrared  spectrum. 

Since  these  molecules  have  but  a single  internal  node  of  vibration  there  should 
be  little  ambiguity  in  the  interpretation  of  the  infrared  spectrum  in  terms  of  the 
present  theory  of  molecular  vibrations  in  crystals^, 

6,  D,  F.  Homig,  J.  Chom.  Phys,  1^,  1063  (I9ii8) 

A completely  unambiguous 

determination  of  the  crystal  structure  is  out  of  the  question  but  certain  features 
of  the  structure  can  certainly  be  obtained.  For  example,  it  should  bo  ocssiblo  to 
decide  whether  or  not  the  structure  is  ordered;  and  if  it  is  ordered  to  gain  some 
knowledge  of  the  fjumbar  and  arrangement  of  the  molecules  in  a unit  cell  from  the 
number  of  absorption  peaks  associated  with  the  single  mode  of  vibration.  The 
orientation  of  the  molecules  should  be  revealed  by  the  relative  intensity  of  those 
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coupling  components.  In  nddition  a quantitative  measure  of  the  intornolccula,r  forces 
should  be  .available  from  (a)  the  chan^o  in  the  moan  internal  frequency  in  passing 
from  gas  to  cr^/sbal  (b)  the  magnitude  of  the  sepa.ration  bot'veon  coupling  comoonents 
(c)  the  magnitude  of  the  torsional  oscillation  frequency  in  the  cr"'’stal  (which  has 
not  been  observed  heretofore). 

The  infrared  spectra  cf  crystalline  HCl,  HBr  and  HI  have  all  beer;  -studied  be- 
foro^'^»'^ 


7,  J,  Zunino,  Zeits.  f.  Phys.  IOC,  333  (l?36) 


although  HBr  and  HI  were  not  obtained  in  the  lowest  terrperature  phase, 

which  exists  bolo'.v  8p^K  and  70°K  respectively.  The  spectrum  of  thin  films  of  HCl 

has  been  studied  bet’.vcen  l,5yu_  and  U«l5/X  and  the  existence  of  two  distar;t  peaks  at 

about  2?03  cm“^  and  27h6  cm"^  noted  in  the  low  temperaturo  phase  (i.e*  below 
2 3 

98,Ii°K).  ’ Since  the  corpletion  of  the  a/ork  reported  here  the  infrared  spcctnmr  of 

a dilute  solution  of  HCl  in  crj'stallinc  DCl  has  led  to  the  conclusion  that  the  angle 

0 

between  adjacent  hydrogen  bonded  HCl  molecules  is  either  102°  or  78°  , 


8,  Cr,  L,  Hicbert  and  D,  F,  Hornig,  J.  Ghcm,  Phys,  918  (1932) 


contrary 
2 9 

to  the  theoretical  expectations.  The  P..aman  soectr'jm  of  HCl  has  also  been  studied  * , 

p 

and  two  peaks  observed  in  the  low  tooperature  phase  , only  one  of  them  coinciding  in 
frequency  with  an  infrared  absorption  maximum  to  within  the  combined  experimental 
error. 

9,  D,  fellihan  and  E,  0,  Salant,  J,  Chom,  Phys,  2,  317  (193U) 

However,  no  satisfactory  interpretation  of  these  observations  has  boon 


evolved 


Expcrinontil  Techniques 


Two  different  scmplos  of  hydrogen  chloride  v;era  used  in  this  work,  comme:r;ial 
hydrogen  chloride  whose  pur;  ty ’.v?.r,  st'.ted  to  be  99. the  inpuritios  consisting  of 
0.2;^  acetylene  and  0,3%  chlorinated  hydrocarinon,  and  a sample  prenared  from  rc>agent 
grade  sodium  chlorlda  plus  sulfuric  acid.  The  first  sar^lc  was  used  without  further 
purification;  the  second  was  dried  ov^r  anhydrous  aluminum  chloride  and  collnctod  at 
liquid  nitrogen  temperatiire.  The  spectra  obtained  from  the  two  s?.mDlos  were  identi- 
cal. 

Commercial  hydrogen  bromide 
* The  Matheson  Company,  Inc, 

was  used  without  further  purification.  The  purity 
of  the  material  was  reported  as  99*5^ $ the  gas  containing  no  bromine  or  moisture; 
the  principal  inpurity  was  nitrogen, 

^fy’drogen  iodide  ’..'as  prepared  by  adding  sodium  iodide  to  phosphoric  acid  at  dry 
ice  tenperature,  sealing  and  evacuating  the  system,,  and  then  allovdng  the  mixture  to 
warm  until  reaction  took  place.  The  gas  was  passed  through  a trap  at  -35°C  to  re- 
move water  or  iodine  and  collected  as  a solid  in  a trap  at  liquid  nitrogen  tenper- 
ature, The  entire  system  v/as  ’wrapped  in  aluminum  foil  to  prevent  the  photodecompo- 
sition  which  occurred  v/hen  this  precaution  w'as  not  taken. 

The  spectra  v/ero  studied  in  the  loar  temperature  sar.plc  cell  shown  in  Figs,  la 

10  TT 

and  lb.  It  is  similar  to  that  described  previously” 

10,  J,  B,  Lehman,  Ph,  D Thesis,  Brovm  University,  19^1 

11, -  E,  L,  V/agner  and  D,  F,  Hornig,  J,  Chem,  Phys,  296  (l95o) 

except  for  the  cdditicnoX 

sidcarra  I through  which  the  sample  ’,vas  sublimed  onto  the  olate  B,  '.nd  the  provision 


FIG.  IB 
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which  xns  ra?.dG  for  cooling  the  liquid  nitrogen  to  tho  triple  point  by  pumping  through 
the  sidop.nn  G,  The  sor.plc  v;o.s  inount^^d  on  ‘•.’indov;  D V(hich  vjos  held  in  geed  thermal 
contact  with  the  cepoer  Mock  F at  all  times  during  the  cooling  process  by  a spring 
B "^nd  a retaining  ring  C which  vjas  scrcv;cd  fimly  into  place,  With  this  simple 
arrangement  the  temperature  difference  bet’.vecn  vdndov;  and  block,  measured  by  in- 
serting a thermocouple  into  a snail  hole  drilled  in  the  windov;,  did  not  exceed 
•.vhen  the  block  was  at  the  teqoerature  cf  liquid  nitrogen. 

The  plastic  plate  H simply  rested  on  the  chimney  E above  the  liquid  nitrogen 
reservoir,  and  produced  an  adequate  seal  when  pumping  on  G,  In  order  to  rcplenish 
the  liquid  nitrogen,  the  plate  H v/as  removed  without  disconnecting  the  purp,  liquid 
nitrogen  added  to  E,  and  the  plate  replaced.  No  detectable  fluctuation  was  observed 
in  the  temperature  of  the  block  F during  th.is  process,  which  could  be  carried  out 
rapidly*  The  temporatur-  of  the  block  was  measured  by  a thermocouple  vrhose  leads 
were  passed  through  a seal  which  was  attached  to  the  ground  glass  joint  J* 

The  films  v/cro  prepared  by  first  condensing  the  gas  in  a trap  attached  to  I, 
cooling  the  cell  to  approximately  the  triple  point  of  nitrogen  (-210°  C. ) and  then 
lowering  the  liquid  nitrogen  from  around  the  trap  by  such  on  amount  as  to  sublime 
the  material  at  a vapor  pressure  of  about  5 m,  Hg  to  the  cooled  plate  D,  Of  course 
a largo  part  of  the  material  actually  condensed  on  the  brass  block  F but  this  was  of 
no  consequence,  ...fter  the  film  v;as  deposited  the  jacket  was  ree’/icnatod  with  a 
diffusion  pump  to  minimize  the  heat  loss  to  the  outer  walls* 

Early  in  the  investigation  it  v/as  found  that  thin  films  cf  HCl  and  HBr  evaporator 
rapidly  from  the  vrindew  at  liquid  nitrogen  temperature  (-195°C)  but  could  bo  retained 
if  the  tenperature  •.vere  lowered  to  the  triple  poinu  ef  nitrogen  (-210°C)* 

The  films  prepared  by  this  technique  were  quite  transparent  to  the  eye  and 
showed  little  or  no  scattering  of  the  infrared  radiation* 
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The  speetr?.  cf  thc3  filns  v:^r^  studicjd  frrn  300  cn”^  to  4OOO  v/ith  a.  double 

beam  spectrophotometer^ 

12,  Hornig,  Hyac  '’.nd  .ddccck,  J,  C^t,  Soc.  Am.  , h97  (1950) 

the  lev;  temperature  cell  being  in  one  path  and  an  evacu- 
ated cell  of  the  same  length  vdth  similar  windows  in  the  ether.  The  spectreneter 
housing  was  flushed  with  dry  nitrogen  to  remove  CO2  and  H2O  but  in  the  sncctra  of 
some  of  the  HBr  films  there  is  evidence  that  the  flushing  may  not  have  been  equally 
efficient  in  bath  beams.  Stray  radiation  in  the  KBr  rogicn  was  eliminated  by  a 
scattering  filter  and  that  in  the  KHS-5  region  minimized  by  replacing  the  mirror 
before  the  entrance  slit  with  a stainless  steel  mirrer,  roughened  by  grinding  with 
AluTiinox  No,  120,  Nevertheless,  31^  of  the  total  radiation  at  310  cn”^  was  trans- 
mitted by  an  NaCl  plate  ajid  v;as  theroforc  stray.  It  should  be  noted  that  the  low 
frequency  limit  cf  the  sp^.ctral  region  investigated  v;as  deteminud  by  the  trans- 
mission of  the  thin  KBr  window  cn  the  thermocouple. 

The  spectrometer  calibration  was  checked  against  atmospheric  vrater  and  CO2 
bands.  The  frequencies  roperted  are  believed  to  be  accurate  toil  3 cm”^  at  2700 
cm”^,  1,5  ern”^  at  2100  cm~^  "nd  better  than  1 cm”^  in  the  lew  frequency  region, 

Expe  rlmental  Results 

a.  Hydrogen  Chic  -ide 

The  spectra  cbtnjncd  at  a tomporaturo  of  73°K, , -rell  below  the  temperature 
of  the  phase  transition  at  98,8^K, , amth  the  film  on  a KE<r  hacking,  is  shown  in 
Figure  2,  A film  cf  HCl  deposited  on  NaCl  to  chock  the  effect  of  the  substrmte 
yielded  a similar  spectrum,  although  the  intensity  of  the  two  peaks  was  more  nearly 
equal , 

The  spectrum  of  thin  films,  (Fig,  2)  in  good  agreement  with  the  high  resolution 
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study  cf  Loe,  \7u  ^nd  Sutherland  wlic  found  naxir.'i  at  2701  cn~^  and  27Ui  cm  consists 
cf  two  sharp  lines  at  27OI4  — 3 cm”"^  and  27U6  ^ 3 cn“^,  whose  widths  at  half  peak  in- 
tensity are  ao'^rcximat^ly  30  cn~^.  The  spectra  of  thick'  films  shov/  a number  of  pre- 
viously unreported  I’cmions  '''f  abs'-rpticn,  a sharp  line  .at  26l6  i 3 cm”^,  a somewhat 
..eakcr  barw’  at  2991  cr  .T^  wh^  se  width  is  roughly  ^0  cm  and  a very  ’.veak  band  at 

3171  cn~^.  live  other  peaks,  at  2837  cm“^  and  2916  cm  arc  believed  to.  originate 

in  Apiczen-M  stopcock  grcaso  '.vhich  was  carried  into  the  coll  from  the  vacuum  system 
with  the  hCl.  They  occur  in  the  spectran  of  Apiezon-K  and  '.verc  not  found  in  other 
HCl  spectra  taken  when  a flucrccarbrn  grease  (DuPont  FXC-M;l)  was  used  -as  a stopcock 
lubricant, 

A verj'-  thick  film  (?lg,  3)  also  sh'^w'cd  absorption  maxima  at  315  cm  U96  cm”^ 
and  roughly  650  cm  The  true  raaxirrum  of  the  Icv/ost  frequency-  pccak  nay  be  at  a 

still  lower  frequency  since  it  occurs  just  at  the  limit  of  our  measurements,  wiiero 
stray  radiation  is  a very  serious  problem.  The  -vidth  of  the  U96  cm"^  line  is  .about 
55  cm”^  and  cf  the  650  cm“^  line  about  75  cm”^. 

The  two  strong  sharp  lines  are  certainly  coupling  ernponents  of  the  fundamental 
stretching  vibration.  The  origin  cf  the  sharp  weak  lino  at  26l6  cm“^  is  doubtful. 
Although  it  may  be  a third  component  of  the  stretching  vibration,  there  are  strong 
reasons  to  believe  this  is  not  the  case.  It  might  be  a difference  vibration  in- 
volving a lattice  frequency  cf  about  100  cm”^  but  the  corresponding  sum  is  absent. 

If  it  is  causec’.  by  an  impurity  it  is  not  easy  to  find  any  reasonable  possibilities. 
The  intensity  of  the  peak  is  o.bout  the  same  in  the  spectrum  of  KCl  from  different 
sources.  The  most  likely  impurity  is  the  OH^  i-'n  resulting  fr^m  traces  of  H^O, 
perhaps  absorbed  on  the  KBr  or  NaCl,  A broad  absc  rption  maximum  has  been  observed 
recently  at  2600  cm"^  in  the  compoujic’  OH-jCl  ; 


13»  C.  C,  Forriso  and  D,  F,  Homig,  J,  Am.  Chem,  Soc,  75?  i4ll3  (1953) 


NOISSIWSNVHl  lN30d3d 
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hov.'oVvjr,  suhrcqucnt  studies  cf  dilute 

lU 

solutions  cf  HoO  in  crystsllinu  HCl 
lU.  C,  C,  Fcrrisc,  unpublished  -.vr-rk 

did  net  disclose  p.  corresponding:  sharp  line, 
ncr  is  a corresponding  peak  f^'und  in  our  spectra  of  IIBr,  although  the  naxinun  at 
2600  cm”^  ’vas  also  found  in  OHjjBr, 

Nevertheless,  it  is  our  cpinicn  that  the  weado  line  at  26l6  cn”"^  is  not  to  he 
ascribed  to  a fundanental  vibration  for  the  follo-Ting  reasons,  some  of  which  arc 
elaborated  Later: 

^a)  No  corresponding  lino,  has  b_en  f^-und  in  recent  studies  of  thick  films  of 

rci.^p 


15*  G»  I«.  Hiebert,  unpublished  work 


(b)  Sutherland  found  a Raman  line  at  2709^5  cm"^  and  an  infrared  line  at 
2701  ■£-  1 cra"^.  Unless  they  actually  coincide,  no  assig.nnent  is  available  for  the 
line  in  question. 


(c)  The  existence  of  a cotq^onent  at  26l6  cra”^  would  imply  strong  coupling  be- 
tween each  HCl  molecule  and  one  neighbor  in  addition  to  the  one  to  ■.'/hich  it  is  hy- 
drogen bonded.  If  this  were  the  case,  two  different  sets  cf  "wings”  should  have 
been  obtained  in  the  spectra  of  dilute  solutions  of  HCl  in  DCl.  The  second  set, 
'Which  would  he  separated  by  about  22  cm”^  from  the  main  peak,  was  not  observed. 


(d)  The  existence  of  a coupling  conpenent  at  '■  frequency  as  Inv;  as  26l6  c.m”^ 
would  imply  a spread  of  over  100  cm”^  in  the  broad  band  in  the  disordered  phase 
above  98.8°K,  In  fact,  the  snread  of  the  band  is  about  ^0  cm”^,  about  equal  to  the 
separation  of  the  two  Raman  neaks  and  the  two  infrared  maxima^. 


In  the  subsequent  discussion  it  v/ill  be  assumed  that  the  peak  at  26l6  cm”^ 


can  no 
v/hich 


t be  ascribed  to  a fundamental  vibration.  However,  the  changes  in  the  reasonxng 
are  necessary  if  it  is  will  be  printed  out  explicitly. 

The  frequencies  uyo  cm**'  and  epO  cm”~  cannot  be  the  fundamental  lattice  torsions 


since  they  cruld  be  expected  to  bo  very  intense, 


even  more  so  than  in  NH^  ivhcrc  the 
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torsion  is  the  strongest  bond  in  the  spoctrun  , 

16,  ?,  P,  Reding  end  D.  F,  Hnrnig,  J.  Cher.u  Phys.  19^  ^9k  (1951) 

T/hile  these  v/ere  observed  only  in 
thick  films.  They  ore  probobl^'-  cvertcncs  or  conbinotions  of  still  lower  frequency 
lottice  mcdcs.  The  brood  peaks  at  2991  cn~^  and  3111  cm“^  arc  probably  combinations 
of  the  stretching  vibir’-tion  v/ith  lattice  frequencies  (probably  largely  torsional) 
near  266  cm“^  and  UU6  cm~^  respectively.  The  latte  • nay  be  seme  of  the  same  levels 
v/hich  give  rise  to  the  k9^  cn~^  band, 
b.  Hydrogen  Brom'de. 

Kydroocn  brordde  v;:.s  studied  on  KPr,  NaQ  and  CaF2  backing  plates.  The 
transmission  curves  obtained  for  the  lowest  temperature  phase  on  KBr  arc  reproduced 
in  Figs,  and  The  temperature  of  the  films  (73'"K. ) was  well  below  the  transition 
temperature,  39'-^K,  The  snectra  of  thin  films  closely  resemble  the  Cf^rre  so  ending 
spectra  of  hydroren  chloride,  sh'"’m.ng  ta'o  sharp  linos  at  2h0)4'^3  cm“^  and  2!i38^-U 
cm”^,  in  contrast  tc  the  single  broad  band  centered  at  2lt20  cn"^  reported  by  Zunino 
for  the  crystal  at  88^K,  It  is  apparent  that  Zunino ’s  crystal  aras  not  in  the  lowest 
temperature  phase.  The  tarn  bands  arc  quite  narroa/,  their  '-idths  at  half  peak  in- 
tensity being  25  cm"^  and  20  cm“^  respectively. 

The  spectra  of  very  thick  film.s  show  another  sharp  line  (approximately  20  cm“^ 
wido)at  2727  cm.“l,  v/hich  may  bo  analogous  to  the  high  frequency  band  in  hydri^gen 
chloride.  This  b'^nd  appears  to  be  much  stronger  in  the  non-scattering  film  on  CaF2 
than  in  the  highly  scattering  film  on  KBr,  but  since  it  is  not  at  all  certain  that 
the  o.bsorpticn  in  other  peaks  by  the  scattu^ring  film  is  as  great  either,  it  nay 
actually  have  been  a thinner  specimen.  This  apparent  intensity  variation  night  also 
be  taken  as  evidence  of  rrientati''n  on  KBr,  together  with  a high  degree  of  pclarizatif 
of  the  band.  However,  it  seems  most  likely  that,  this  line  arises  because  of  traces 
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of  HCl  inpurity  in  the  HBr,  It  hns  been  pointoi  out  nrevicusly^®  thnt  suoh  ?,  dilute 
Golid  solution  should  show  only  one  shnrp  line,  and  the  observed  lino  corresnends 
very  closely  to  the  mean  of  the  JJCl  ccripcncnts,  2729  cr.  The  veiy  ■v/eak  absorption 
maxima  at  about  266o  cn~^,  and  ncssibly  2850  nay  actually  correspond  to  the 

high  frequency  peaks  in  HCl,  ...  v/oak  lino  whoso  width  is  Ca.lOO  cm“^  has  its  center 
at  UOO  cm”^  (Fig.  5)  and  another  very  v/eak  absorption  is  barely  evident  at  575 
The  structure  on  the  hOO  cn”^  band  is  probably  caused  by  water  vapor,  which  has  very 
intense  rotational  linos  in  this  region. 

It  vjas  not  possible  to  find  a lc’,7  frequency  component  of  the  strong  absorption 
doublet  similar  to  that  f^'und  in  hydrogen  chloride.  Several  of  the  films  showed  an 
absorption  region  at  23U9  cn“^,  a frequency  identical  ivith  that  of  carbon  dioxide, 
but  it  v/as  not  reproducible, 
c.  Hydrogen  Iodide, 

Since  hydrogen  iodi'^e  undergoes  a X -type  transition  to  its  low  temperatur' 
phase  at  70'^K.,  nearly  the  lov/est  temperature  wo  could  reach,  an  unanbiguca  s soectru: 
of  this  phase  was  not  obtained.  Instead,  a spectrum  of  a film  was  taken  »n  KBr  at 
83'^K«,  (above  the  transition  temperature);  the  pressure  above  the  liquid  nitrogen 
was  then  reduced,  and  the  spectrum  was  frllcv/od  as  the  film  cooled.  The  results  are 
shown  in  Fig.  6,  The  thin  films  reached  equilibrium  after  approximately  forty 
minutes  while  the  spectrum  of  a medium  thick  film  changed  slowly  through  a period 
of  an  hour.  The  spectrum  cf  a very  thick  film  (not  reproduced)  gave  no  indication 
of  passing  thmugh  the  transition  p-'int  although  the  nitrogen  reservoir  was  main- 
tained at  the  nitrogen  triple  point  (63'^K,'^  for  a period  of  ninety  minutes. 

The  frequG.acy  of  laaximiun  absorption,  2120  cn~^,  was  independent  of  the  terpero.tu 
throughout  the  small  range  ) studied,  Ho?/evcr,  the  transition  showed  itself 

by  the  groivth  cf  a single  sharp  spike  (width  at  half-height  * approx,  10  »m"^)  above 
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the  broader  peak  (•.vldth  aperex,  30  c~i“^)  characterizing  HI  -above  70'^’K.  It  is  not 
clear  v;hethor  the  thin  filzi  un'-’eraont  c. o-rilete  transiti^'n  '^r  net.  The  base  in  B and 
C of  Fig,  6 roy  be  regarded  as  a rc:onant  of  the  higher  tenperaturo  spectrun,  Hcv;evcr 
there  a.ro  indications  that  in  fact  there  are  additional  sharp  cenp^nents  about  10 
cn“^  on  either  side  of  the  central  peak,  cf  which  one  may  be  just  resolved  in  C, 

There  also  aooears  to  bo  a v;eak  band  at  Ca.  2075  cn“^  in  Fig,  6,  and  a still 
weaker  band  at  Ca.  2l80  cn"^  in  the  spectrum  of  a very  thick  film  at  83'^K,  These 
anpear  to  be  a sun  and  difference  band  involving  a lattice  frequency  of  about  50  cn“ 
Crystal  Structure  of  the  Hydrogen  Halides 

According  to  the  available  x-ray  information,  HCl  and  HBr  arc  both  face-centere 
orthorhcnbic  in  their  lev;  torperature  phase,  the  lattice  dimensions  being  5»03>  5*35 

0 17 

and  5.U6A  in  HCl  and  5«56,  5«61i  and  6,06/i  in  HBr, 

17.  G,  Natta,  Gazz.  Chin.  Ital,  §3,  k2$  (1933) 

The  latter  are  open  to  some 

question  because  the  same  investigator  found  an  almost  identical  crthrrhoribic 

0 18 

structure  above  117  K*  whereas  optical  studies 

18.  Kruis  and  R,  Kaischew,  Z,  Physik  Chen,  BUl,  ii27  (1938) 

indicate  an  isotropic  structure 

above  this  tenperatoire  and  anisotropic  structures  beneath,  HI  is  reported  to  have  a 

19 

face-centered  tetragonal  stracturo  v/ith  an  axial  ratio  cf  1,08:1 

19.  B,  Ruhenan  and  F,  Simon,  Z.  Physik.  Chem,  Bl5,  389  (1931-32) 

(i,e,  nearly  cubic 

at  all  terperaturos.  However,  here  too  the  optical  investigatica  found  anisotrooy 
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T'nly  beno-ith  70*^K, 

If  the  HCl  anb  HBr  structures  are  face-centcrc  1 rrthrrhf^nbic  as  reuortod,  the 
x-ray  unit  cell  centains  frur  haloncn  atms.  The  true  prinitive  coll  nay  erntain 
rno,  t'.Yc,fcur  cr  nerc  nolocules.  On  the  basis  the  nrasont  results  an''  the  pub- 
lished Raman  spectrum,  the  fcllcvang  cpnclusicns  are  passible, 

(1)  The  presence  cf  at  least  tv;c  infrared  active  ccmDnnonts  in  b'^th  HCl  and 
HBr  demcnsti  itos  that  there  are  at  least  tv/o  mrleculos  per  prinitive  unit  cell.  If  . 
there  are  cnly  tv;c  molcculv-s  per  unit  cell  they  must  lie  in  a plane  pr  in  parallel 
pianos  because  cf  the  crthcrhcnbic  synnetry.  If  there  are  mere  than  tv/c  molecules 
they  still  lie  in  parallel  planes  unless  there  is  a third  infra.- red  active  cppiponont* 
The  line  at  26l6  cn"^  is  sc  ’.veak  that  even  if  it  is  a third  cpinpcncnt  the  structure 
is  substantially  planar, 

(2)  Unless  both  of  the  Raman  lines  phich  have  been  reported  in  HCl  at  2709 

-1  -1 

cm  and  27^9-5  cm  coincide  vd.th  the  infrared  peaks  at  2701;  and  27li6  cm"  , there 

must  be  four  molecules  per  unit  cell  in  HCl,  It  seems  probable,  therefore,  that  the 
unit  cell  centains  four  molecules,  but  it  is  possible  that  it  contains  only  tuo, 

(3)  If  there  are  but  tup  molecules  in  a unit  cell  there  are  cnly  two  basic 
structural  possibilities, 

(a)  Both  cf  the  molecules  lie  in  a single  plane  and  the  crystal  is  built 
of  planes  containing  parallel  zig-zag  chains  such  as  that  illustrated  in  Fig,  7, 


Q Q<3  Gi  Q 

enp  0 0 

Q QQQ  Q 
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Fig,  7 
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In  this  structure  cech  sheet  cm  be  obtninch  Iron  the  -'thors  by  sinple  tr'msl'xtif'n, 
(b)  ill  of  the  molecules  in  o.  plnne  nre  parallel  but  the  tr;o  molecules 
lie  in  alternate  planes.  This  possibility  is  illustrateol  in  Fig,  8 and  ’.vculd  con- 
sist alternately  of  pianos  a and  b« 


Fig.  8a 


Q Q 

Fig.  8b 


This  second  possibility  is  ruled  out  by  the  studies  of  dilute  solutions  of  HCl 
in  DCl  crystals^*^  which  shov/  that  there  is  an  angle  of  102°  between  interacting  pairs 
cf  molecules  and  that  there  is  only  one  kind  of  pair  sho'ving  appreciable  interaction. 
It  is  unreasonable  to  anticipate  that  the  interacting  pair  is  not  the  hydrogen  bonded 


pair. 

(U)  If  there  are  four  molecules  per  unit  cell  the  number  of  reasonable  possi- 
bilities is  still  limited. 

(a)  If  the  four  molecules  lie  in  a single  plane  and  it  is  a.ssumcd^^^  that 

(b) 

one  hydrogen  atom  is  bonded  to  each  chlorine  and  that  the  angle  between  all  hy- 
drogen bonded  pairs  is  identical,  the  crystal  must  consist  of  the  planes  shown  in 
Fig,  9 and  successive  planes  must  be  'derived  from  each  other  by  simple  lattice  tra.ns- 


1 at ion. 


t 


* 
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X 


Fig,  9 


lu. 

Since  the  plane  above  -r  bene''.th  can  bo  ilcrivc^  by  either  of  tv/o  lattice  translatimr 
fr-'p.  the  starred  rnclecule  to  the  face-centered  position  in  the  xz  or  yz  plane,  two 
structures  of  this  type  are  PossiVlc» 

(b)  If  two  raolccules  each  lie  in  two  parallel  planes,  the  structure  must 
be  built  from  planes  like  that  in  Fig.  7^but  the  directions  of  the  chains  in  adjacen 
planes  must  be  reversed.  There  are  two  possibilities  of  this  sort,  depending  on 
'.vhethcr  the  reversed  plane  is  displaced  by  a half  unit  cell  in  the  x or  y direction, 

(c)  If  one  molecule  lies  in  each  of  frur  planes^ the  structure  is  similar 
to  Fig,  8,  planes  c and  d being  obtained  by  reversing  the  direction  of  the  chains  in 
a and  b.  This  structure  is  ruled  cut  by  the  some  arguments  as  is  that  of  pkr,  3b* 

It  seems  most  likely  then  that  the  structure  of  HCl  (and  probably  also  of  HBr) 
is  that  of  par.  Ua  or  Ub,  In  either  case  the  crystal  is  built  of  zig-zag  chains,  in 
one  case  anti-parallel  Ln  a single  plane,  in  the  ^ther  anti-paralle],  in  adjacent 
planv-s. 

Not  as  much  can  be  said  about  the  structure  of  HI,  A single  sharp  component  of 
the  stretching  vibration  would  be  consistent  with  the  tetragonal  x-ray  stnicture. 

In  this  case  two  basic  structural  possibilities  are  possible:  (a)  the  molecules  are 
arranged  in  parallel  or  anti-parallel  chains  along  the  tetragonal  axis  or  (b)  sets 
cf  four  arc  arrayed  perpendicular  to  the  tetragonal  axis.  However,  as  pointed  out 
before  it  is  exactly  this  point  which  remains  uncertain  in  the  spectrum, 

Tlie  structure  is  almost  certainly  different  from  HCl  an"".  HBr^for  the  observed 
peak  is  probably  too  sharp  to  be  interpreted  as  an  unresolved  pair  of  peaks  ••  only 
by  this  interpretation  could  a similar  structure  be'  supported,  final  conclusion  ir 
this  case  must  await  further  study. 

The  ^'uigle  Botv/cen  Molocules  in  HCl  on".  HBr 


In  an  orthorhombic  crystal  the  dipole  moment  renerated  by  each  normal  vibration 
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nust  be  eleng  the  x,  z cr  z exis,  or  in  the  present  nlener  ciso  nlong  the  x or  y recis 

2 2 

Since  the  infrirv,i  intensity  is  prrport.ional  to  01  nonents 

ere  developed  along  the  bond  'directions  and  ad-’itivity  of  noments  is  assuned,  the 
intensity  of  ea.ch  coiipcnent  is  proportional  to  the  squai'e  of  the  direction  cosines 
of  the  nclecular  axis.  It  therefore  follcvs  imediately  that  the  .'r.tensity  ratio  of 
the  tv/o  conpenents  is  given  by  the  expression 


— tan^  ot  /2  (l) 

v/hero  o<^  is  the  angle  between  bonds. 

An  estivate  of  the  relative  integrated  intensities  was  nade  by  comparing  the 
product  of  the  peak  intensities  and  the  line  v/idth  at  hoJ.f  of  the  naxiinun  absorption 
coefficients.  The  ratios  obtained  for  four  HCl  files  v.'hose  peak  absorption  occurred 
in  a suitable  range  was  2,2$  (Fig,  2),  1,62,  1,69  and  1,83,  The  corresponding  valuer 
of  cA  (orTT-ot)  a/cre  113^,  10i;°,  105°  'yid  107^,  The  reasen  for  the  variation  is  not 
knovm  although  it  nay  bo  that  the  filris  were  partially  oriented.  In  this  connection 
it  should  be  noted  that  the  ratio  of  peak  intensities  v;as  only  1,17  on  the  single 
film  deposited  on  NaCl  whereas  values  1,30,  1,32  and  1,69  vrerc  obtained  for  these 
deposited  on  KBr, 

2 3 

Similar  variations  v;ore  found  by  the  previous  investigators,  * but  in  a.11  case; 
the  lino  at  270U  cn”^  was  more  intense,  although  films  were  odeposited  on,  both  ealt 
plates  -and  metal  mirrors. 

If  in  fact  the  films  v/ere  partially  oriented,  the  significance  of  these  angles 
is  open  to  question.  Even  if  there  is  no  orientation  effect  the  angles  nay  be  in 
error  because  of  a failure  of  the  initial  assumptions.  It  should  bo  noted  that  this 
s''.mc  objection  applies  to  the  angle’s  previously  measured  by  Hiebert,^® 
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V/hcn  Lhc  s'lnu  ostirnite  ’.vis  n'’r’.c  frr  HBr,  r'ltios  of  1.28,  1.26,  anl  1.23  v/cre 
obtained  fren  throe  filns,  "lII  of  them  cn  KBr.  The  corresponding  neon  enfrio  is 
either  97°  or  83°.  Although  the  sene  objections  ooply  here  ns  in  the  case  of  HCl, 
it  dees  seem  veiy  likely  thnt  the  intorrarlecular  mgle  actunlly  is  much  nenrer  to 
90'~^.  This  result  is  in  record  with  the  x-ro.y  structures. 

Force  Constants  in  the  HCl  end  HBr  Crystals 

If  it  is  assumed  that  the  coupling  between  internal  and  external  notions  of  the 
nclecules  is  negligible,  and  it  is  shown  in  appendix  A that  this  true  to  a good  ap- 
proximation, the  potential  energy  change  when  the  nclocules  in  a crystal  are  dis- 
tcited  is 

N M kl  k 

I Z I Z Vi  -3 

i*l  j=l  k-1  J?=l 

k J? 

where  r and  r'^  are  the  i-th  and  j-th  internal  disnlaceacnt  coordinates  of  the  k-th 

i -4 

, ^ 

and  J(-th  unit  cells. 

If  the  nonentun  conjugate  to  an  r is  designated  p,  the  kinetic  energy  is 


2 T 


r 2 I 

j k 


■k  -e 

Pa 


a 


(3) 


It  is  v/orth  noting  here  that  the  kinetic  energy  contains  cross  terms  aiy  be- 
tween coordinates  both  of  7/hich  are  common  +c  the  same  nclecule. 

In  the  case  of  mr  tiens  v/hich  may  give  rise  t'^  spectral  activity,  either  infrared 
or  Raman,  corresponding  coordinates  of  all  unit  cells  arc  equal.  That  is, 
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ri 


2 


k 


ih) 


17 


1 


Pi 


(5) 


so  that  oqns*  (2)  (3)  bocone 


2V  - 


i j 


2T  - N 


i J 


(6) 

(?) 


where 


/V 


>#<-1 


(3) 


(9) 


The  factor  N,  the  total  nunber  of  unit  cells  in  the  ciystal,  factors  from  the 
equations  of  motion  sc  that  t’no  secular  determinant  is  simply 


I Gf  - X 1 1 - 0.  (10) 

Its  dimensions  equal  the  number  of  internal  coordinates  in  a single  unit  cell.  In 
the  problem  -vd  hand  these  are  just  the  four  H-Ci  stretching  coordinates. 

If  the  HCl  and  HBr  crystals  arc  crthorhombic , they  must  belong  to  one  of  the 
D,-,.. . D-.  or  C.  soace  grruns.  No  matter  .khich  one,  an  aonronriate  set  of  s'^aranotry 
coordinates  for  a unit  cell  containing  four  molecules  is 

51  = 1/2  (r^  + T2  -1-  r^  4-  Tj^) 

52  — 1/2  (r^^  ^2  " ^3  ~~ 

53  m.  1/2  (r^  - ^2  “''3 

~ ^2  ^3 


(11) 
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The  r.jTnnotry  cl''.ssific"ticn  cf  the  C'^cr  ^in'tos  r’.-Dcn’s  the  e''.rtic-ul''.r  structure. 
These  cornlinetes  factor  th„  secular  -’.cteriinant  an’  yicll 

/X.  = G F , i =1, ,.Il. 

1 ii  ii 


(12) 


In  this  equati'n 


11 


(13) 


are  the  reciprocals  of  the  msses  cf  H -and  Cl  respectively.  It  is 
clear  from  equation  (12)  that  for  an  orthorhoiabic  cr'/stal  ''’ith  f^  or  nrlecules  per 
unit  cell  tV-ore  are  but  four  independent  force  constants.  In  terns  of  the  synnetry 
force  ccnst-jits  detemined  fron  eq.  (12)  they  are 


fn=  = rj3=  lA  (Fii-HF,2+K,3-hF3^) 


lA  (F33- 

hl,  = VI*  (F31- 


22  ’'33I'  ’’ijl,' 

22'l‘  ^33"  'Iju' 


(II*) 


Assuning  that  HCl  and  HBr  arc  actually  built  cf  anti-parallel  zig-zag  chains, 
’.ve  shall  designate  the  hydrogen  bonded  pair  in  tlv  first  chain  by  r^^  and  r2»  the 
anti-parallel  pair  by  r^  and  r^.  Then  A ^ =nd  a.re  infrared  active,  vlth 

polarized  along  the  chain  axis  and  A ^ perpendicular  to  it..  Although  all  four  may 


tlve,  ^ve  v;ill  assiime  that  tiic-  ubaexved  Ran.:in  lines  in  Hei  are  and 
A The  racst  reasonable  assignments  of  the  observed  frequencies  in  HCl  are  then 


as  follov;s 
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^1 

A 

B 

2709 

2739 

^2 

270ii 

27U6 

\^3 

27U6 

270U 

27^9 

2709 

Other  pemutiticns  r.  re  possihlo  but  these  tv;c  nssignniiants  'ire  the  only  cnes  con- 
sistent with  the  as;  unnticn  that  n:  other  intcracti^-ns  are  nearly  as  strong  -as 
those  betv;cen  hy:lrog^,n  bon;’.ed  pairs.  This  a.ssunpticn  is  justified  by  the  prfivious 
finding  that  only  one  variety  of  signific<antly  interacting  n^locular  pair  occurs  in 
dilute  s elutions  of  HCl  in  DCl,  i.'c  thus  obtain  the  force  constants 


f--  h.31  X 10^  dynes/cn,  (gas  ~ ii,8o6  x 10^  dynes/< 


11 
fl2  - 

hu  = 


— -f-  #0.72  X XO' 


f = ,012  X 10 

f^^  - .006  X 10' 


5 


It  is  cf  sonc  interest  tc  cenpare  the  oiincipal  force  constant  f]^]^  and  the 
force  constant  connecting  hydregen  bonded  molecules  v;ith  those  obtained  from 

thg  data  of  Hiebert  and  Hcrnig  on  nolcculo.r  pairs.  In  the  case  of  a pair  of  HCl 
molecules  which  are  coupled  to  each  other 


l;7r  2 3^2 


I 


Ijff  ^ v>  2^  =.  (fii-  0^3)  (/u.„rAp^) 

It  is  to  bo  anticipated  that  f^^  ^ ^12^^  since  accor-’ing  to  eq.  (9)  f^2  is  the 

/ . *. 

sun  of  the  interactions  betvroen  a sinf:le  nrlecuie(r)  and  all  molecules  (2),  If  only 

the  tivc  nearest  neighbor  molecules  in  the  chain  contributed,  the  factor  nould  be 
, -1 

exactly  1/2.  Using  271^  cm  and  2737  cm  for  the  frequencies,  one  obtains 
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— U.29  X 10^  '-’yncs/cn. 

/ ^ ^ 

" — '035  X 10  dyncs/cn., 


both  in  goorl  nffroonent  "dth  th'^so  dorivcl  frcn  the  d resent  v/nrkt 

The  only  f-ltern^tivo  interpretntien  rf  the  secctnn,  thr.t  the  line  nt 

-1  , -1 
2709  cn  r.ctur.lly  ccinciiGS  r;ith  the  Infrered  line  et  270U  cm  , ?Jid  thit  the 

feurth  ccmpcncnt  is  thw  infr''.rort  line  ot  26l6  leads  tr  a scmc’,vhat  different 

result,  namely,  that  ~ U.20  x 10^  c’-'/nos/cm.  an'^  the  three  cross-toms  equal 

— 0.lU,i  0,078  '’Jid  — 0.058  X 10^  dyncs/cm.  The  principal  force  constant  is  in 

substantial  arrreoment  but  the  existence  <'f  three  sizeable  c^upliny  constants  leads 

tr  the  prediction  that  three  -'i  fferent  kin'^s  of  interacting  pairs  woul--’  be  obsenrer’, 

in  Hiobert's  experiment,  Th^se  three  pairs  •.vould  have  ha^.  vibration  frequencies 

separated  by  12  cn*"^,  lU  cm”^  an"'  2U  cra"^  fr^n  the  central  peak.  The  first  tvr 

-1 

coinci'le  v/ell  mith  the  12  cm  separ'.tion  observe-'^,  but  the  absence  of  the  last 
pea.k  rules  this  intv- m rotation  cut. 

Since  the  Raman  spectrum  of  lev;  tciaperaturv;  HBr  is  unavailable,  a conolete 
treatment  is  impossible,  Hov/evor,  if  it  is  assumed  that  coupling  betmeen  chains  is 
negligible,  rind  it  is  aluirst  certainly  less  important-  than  in  KCl,  the  result  is 


fll  — 3.li5  X 10^ 
f^2  = .0U8  X 10^ 


(gas  ■=  3.85  X 10^  dynes/cm.) 


In  HI  it  is  only  possible  to  obtain  a r^ugh  value  of  the  principal  force  con- 


Str'int;  ±\  X C Sf n '.Vxth  ul'iC  vTiXuv,;#  It  x5 


f^^  2.66  X 10' 


(gas  — 2.95  X 10  dynes/cm. ) 


It  is  seen  then  that  there  is  evidence  of  considera.ble  in  to  molecular  inter- 
action, whether  or  not  it  be  called  hydrogen  bon’ing,  in  all  three  n.olcculos.  Even 
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in  HI  tho  funlnnont?.!  froquoncy  -’^cronEcs  100  cr.  ^ nn"'  tha  principal  force  constant 
by  9«?'^  fron  tho  gas  value, 

.'.si'le  from  the  stretching  n'^fos  tho  noloculos  nay  also  rscill?.te  about  axes 
through  their  centers  of  gravity.  Since  each  nrlccule  of  the  ainit  cell  has  two  of 
those  notions,  eight  ’ifferont  ro'-'les  of  this  tyoo  nay  be  expected;  six  of  thorn  naj’- 
be  infrared  active.  They  have  not  all  been  observed.  Their  nagnitu'^.c  nay  be  cs- 
tinated  as  anprcxinately  266  cm”^  in  HCl  from  the  ernbination  band  at  2991  cn"^. 

If  coupling  is  neglected 

whore  r^  is  tho  cquili^ritun  internuclear  distance,  I the  non.wnt  of  inertia  and  kj 
the  force  constant  for  perpendicular  dlsolaccnents  of  the  protons.  Using  266  cn”"^, 
we  find  roughly  that 

k ^ = 0,0iil  X 10  ^ncs/cn. 

It  is  interesting  that  this  is  of  the  sane  cr'^er  of  magnitude  as  tho  inter- 
-'.-'T ocular  interaction  constants  feund  previously.  If  tho  corresnonding  torsi'onal 
frequency  in  HEr  is  21*0  cn“^,  obtaineo’.  from  the  band  at  2660  cn  the  force  con- 
stant is 

k -j-  — 0,033  X 10^  dynos./cn. 

Conclusion 

The  low  teKperaturo  phases  of  both  HCl  'ind  HBr  are  built  from  ''ntiparallel  zig- 
zag chains  of  hy'.rogen  brnde-’:  nclecules  with  angles  not  too  '•''ifferent  fron  90*^  be- 
tv/een  a'’.jaci^nt  nclociilos.  This  structure-  is  qualitatively  similar  to  that  found  in 
gaso'-us  HF  and  indicates  that  the  structure  is  based,  not  on  a dipole  array,  but  on 
hydrogen  bonds  to  the  nen-bending  orbitals  of  the  adjacent  molecule.  This  has  the 
effect  of  preserving  external  volenco  angles.  If  tho  angle  between  nolcculos  is 
actually  as  great  as  107°,  as  the  rueasurenents  cn  HCl  in'Uc'te,  th3  re  nay  be  a fair 
amount  of  hybridizatic^n  in  HCl, 
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Appcn'll):  L 


In  the  c''.lcul"tirn  rif  the  frree  const'ints  in  the  HCl  "'.n'-’  HBr  cr;/’st':'.ls,  it  ’.vas 

assunci  that  tc  a 7'"' c l ae'nr-'xi ticn  there  ’.vas  no  interricbi'‘n  ■bot’.voGn  internal  a.n-'’ 

external  notions  the  nolv^culos  in  a crh'-stal.  This  can  he  sh'~’.’m  as  f'^llo'vs.  If 
F6  t-  , . 


wc  define  the-  syamotric  aatrix  H ~- 


, then  aheor^’inp  to  second  rr-’er  per- 


turbation  thecr^'^  the  i eigenvalue  cf  a set  of  coupled  harn^'nic  oscillators  is 
displaced  by  a.n  ancunt 

1^!^.  (1) 

by  the  introduction  of  the  c moling  H ' • In  cq.  (l)  X ^ ~ ^ ^ ^ ^ > 

o «Xs 

if  is  the  frequency  (cn  ) in  the  absence  cf  the  coupling  elements,  in  the 

present  case  the  eigenvalues,  A d , c^'rre  so  ending  t.-'  lattice  frequencies  nay  be 

q 

ncglcctc  1 *vith  respect  to  th-'se  ronresenting  the  internal  vibrations,  Eq,  (l)  can 


then  be  out  into  the  fern 


3 7f  C Id  - pd, 

^ j 


_ f 

If  it  is  assumed  that  the  r-r'er  of  nagnitu'^e  of  the  C'uoling  elements  t~  tf  is 
the  sane  as  th^  se  coupling  internal  vibin.ticns,  or  the  diagonal  elements  for  the 
t'-'rsicna.i  lattice  vibrations,  then  the  frequency  shift  arising  from  emoling  between 
internal  and  lattice  no-'es  v/ruld  be  aoorc-xinatcly  0,2  cn”^.  Even  if  t.iis  estimate 


^Y^re  in  considerable  error  it  would  still  be  justifiable  to  neglect  the  coupling  to 
lattice  nc  des  v!w.r!  solving  the  prfblcn  of  the  internal  vibrations. 


\ •v 


iReprioted  from  the  Joup^^I  of  the  .»mencao  Chemical  Society.  76,  6079  (1953).) 

Copyright  1953  by  the  American  Chemical  l*«v:ety  and  reprioletl  by  permission  of  the  copyright  owner. 


O 

" in&i 

c:i  o 


ctra  and  Structure  of  Crystalline  Am- 
monia Hydrates 

. D.  Waldron  and  D.  F.  Hornig 
Received  Aitgdst  20,  1953 


Recent  verj’  careful  studies  of  the  heat  capacity 
and  thermodynamic  properties  of  NHj  HjO  ar.d 
2NHj-HjO,‘  as  well  as  earlier  studies  of  the  solid 
phases  of  the  ammonia-water  system,’  have  dem- 
onstrated that  the  two  ammonia  hydrates  are  well- 
defined  compounds  of  exact  composition. 

The  structure  of  these  compounds  is  of  some  in- 
terest since  they  might  exist  either  as  simple  hy- 
drates or  as  ionic  crystals.  Although  considerable 
experimental  evidence  exists  to  indicate  that  aque- 
ous solutions  of  ammonia  are  only  slightly  ionized,* 
Hildenbrand  and  Giauque  regard  the  crystalline  hy- 
drates as  ammonium  salts,  i.e.,  (NIl4)OH  and 
(NH4),0. 

No  previous  spectroscopic  studies  of  the  solid 
phases  of  the  NT-f;-KjO  system  were  uncovered  in 
a survey  of  the  literature  although  the  infrared 
and  Raman  spectra  of  aqueous  ammonia  *■*  have 
been  obtained. 

In  the  present  study  mixtures  of  NHa  and  HjO 
vapor  were  admitted  to  a low  temperature  infrared 
cell*  and  condensed  on  NaCl  or  KBr  plates  cooled 
with  liquid  nitrogen.  The  spectra  obtained  were 
consistent  with  an  ammonia  hydrate  structure  and 
definitely  exclude  an  ionic  structure. 

Results 

Figure  1 shows  the  spectra  obtr.ined  for  mixtures 
of  NH3  and  HjO  at  —195°,  together  with  those  of 
pure  NH3,  HjO  and  NH4X  for  comparison.  It  is 
immediately  clear  that  the  spectra  bear  little  re- 
semblance to  that  of  the  NH4+  ion,  and  the  ab- 
sence of  the  NH4‘*'  ion  bending  vibration  at  about 
1400  cm.”’  is  conclusive.  On  the  other  hand,  they 
closely  parallel  the  spectra  of  crystalline  NH,  and 
H2O,  although  there  are  some  clear  differences. 

The  interpretation  of  the  low  frequency  region  of 
the  spectrum  is  most  obvious.  The  strong  ice 
band  at  812  cm.  ” appears  in  the  spectrum  with 
excess  H2O  (A)  but  not  in  (B)  or  (C),  so  that  the 
HjO  in  the  compounds  is  included  in  a lattice  dif- 
ferent from  ice.  If  the  812  cm.”’  band  is  a lattice 
vibration  connected  with  the  torsional  oscillations 
of  the  H2O  molecules,  the  H2O  molecules  cannot  be 
as  tightly  bound  in  the  hydrates  as  in  ice;  i.e.,  one 
of  the  0-H  • • • O bonds  must  have  been  replaced  by 
an  0-H  • • • N bond.  The  symmetrical  bending 

(1)  D.  L.  Hildenbrand  and  W.  F.  Giauque,  Tnis  Journal,  76,  2811 
(1953). 

(2)  r.  L.  Clifford  and  E.  Hunter.  J.  Phys.  Ckcm.,  87,  101  (1933). 

(3)  P.  F.  van  Velden  and  J.  A.  A.  Ketelaar,  Chem,  Wttkblad, 
48.  401  (1947). 

(4)  O.  Co5teamJ.  R,.  Freyraann  and  A.  Nahernjac,  Compt.  reni.^  300, 
819  (1935). 

(5)  B.  P.  Rao,  Proc.  Indian  Acad.  Set.,  30A.  292  (1944). 

(6)  £ L,.  Wagner  and  1).  F.  Hornig,  J Chem  Phys.,  18,  296  (1950). 

(7)  P.  P.  Reding.  Tnesis  Brown  Univeraity  1951. 


Fig.  1. — Infrared  spectra  of  crystals  of  the  NH,-HfO  sys- 
tem at  —195°  together  vith  comparison  spectra:  A,  NH,- 
H,0  + H,0:  B,  C,  2.MH,-H50;  D.  NH,  + 

2NH,‘HjO  (some  frost  formation  entailed  by  a small  vacuum 
leak);  E.  crystalline  NH,;  F,  Ice;  G.  ammonium  ion. 

vibration  of  ammonia,  which  occurs  at  1060  cm.”’ 
in  the  pure  crystal,*  appears  at  1102  era.”'  in  NHj- 
H2O  (B)  and  as  a doublet,  1020  and  1091  cm.”’,  in 
2NH3  H2O  (C).  The  doubling  probably  indicates 
that  the  environment  of  the  two  NH,  molecules  is 
not  identical.  Excess  NH,  (D)  produces  an  addi- 
tional shoulder  at  1069  cm.”’  which  may  be  identi- 
fied as  free  NH5. 

Both  the  bending  vibration  of  H20  and  the 
doubly  degenerate  bending  vibration  of  NH,  may 
contribute  to  the  absorption  near  1625  cm.”’. 
However,  since  the  symmetric  bending  vibration  is 
far  more  intense  than  the  degenerate  one  in  both 
gaseous  and  crystalline  NH,,  it  does  not  seem  likely 
that  very  much  of  the  observed  absorption  in  this 
region  is  caused  by  NH,. 

The  stretching  region  cannot  be  analyzed  so 
straightlorwardly.  The  peak  at  2950  cm.”’  occurs 
in  the  spectrum  of  both  hydrates  but  is  relatively 
more  intense  in  that  of  NH,-H20  (B).  It  is  prob- 
ably too  low  in  frequency  to  be  ascribed  to  OH, 
since  only  acidic  OH  in  very  strong  H-bonds  ab- 
sorbs at  so  low  a frequency,  and  then  only  rarely, 
•^•'■niinrlv,  ^ bcji^s  wctild  probably  not 

lead  to  such  a low  frequency,  leaving  an  NH  • • • O 
bond  as  the  most  likely  explanation  for  this  band. 
If  this  is  coiTect,  it  seems  likely  that  in  2NH,-H20 
only  one  of  the  ammonia  molecules  is  involved.  The 
peak  at  2140  cm.”’  (C)  belongs  to  2NH,-H20  and 
may  represent  a weaker  NH  • • • O bond  from  the 
second  NH,  molecule. 

The  remaining  peaks  at  3220  and  3365  cm.”’  are 
characteristic  of  hydrogen  bonded  O-H  and  N-H 
vibrations  and  cannot  be  assigpied  in  detail.  Al- 
though some  of  the  3220  cm.”’  absorption  in  A is 

(8)  F.  r.  Recliug  and  D F Horrig.  / Chem.  Phys..  19,  694  (1961). 
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undoubtedly  caused  by  ice  and  some  of  the  8365 
cni.~*  absorption  in  D bv  ammonia,  it  should  be 
noted  that  the  addition  of  NHj  in  passing  from  B to 
C increases  the  relative  intensity  of  the  3220  cm.  "* 
peak.  It  follows  therefore  that  NHj  also  absorbs 
in  this  region. 

Structural  Conclusions 

It  seems  clear  that  neither  hydrate  of  ammonia 
contains  ammonium  ions.  In  addition  to  the  rea- 
sons previously  outlined,  the  presence  of  NH4  + 
ion  would  imply  OH“  or  O ions.  In  the  former 
ease  a frequency  higher  than  any  observed  would 
be  expected  (OH“  absorption  occurs  at  3638  cm.“* 
in  NaOH^);  in  the  latter  there  is  no  explanation 
for  the  two  highest  frequencies. 

NHj-H20  is  a biraolecular  crystal.  There  are  five 
H atoms  and  only  three  unshared  electron  pairs  per 
mole,  so  at  least  two  H atoms  must  be  either  non- 
bonded  or  very  weakly  bonded.  If,  as  in  crystal- 


line NHj,  three  weak  hydrogen  bonds  are  formed  to 
the  single  electron  pair  of  NH3,  only  two  strong 
bonds  can  be  formed.  From  the  spectrum  it  can 
be  concluded  that  a strong  NH  • • • O bond  is  formed 
(2.8  A.  or  less  from  the  magnitude  of  the  frequency 
shift  obspi'ved)  and  t.iat  both  hydrogens  from  II2O 
are  involved  in  at  least  weak  hydrogen  bonds  (since 
free  HjO  absorbs  near  3700  cm.“').  This  im.plies 
at  least  one  O-H  • • • N bond. 

2NHj-H20  is  a trimolecular  crystal.  The  two 
NHj  molecules  appear  to  be  non-equivalent.  The 
structure  includes  at  least  one  strong  NH  • • • O 
bond  and  all  of  the  hydrogens  from  H2O  are  hydro- 
gen bonded. 

(d)  W.  Busing,  Symposium  on  Molecular  Structure  and  Spec- 
troscopy, The  Ohio  State  University,  June,  IDiiS. 
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